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I n t r o d u c t i o n  

Z e o l i t e s  have f o u r  p r o p e r t i e s  t h a t  make them e s p e c i a l l y  i n t e r e s t i n g  f o r  
he te rogeneous  c a t a l y s i s :  (1) t h e y  have  exchangeable  c a t i o n s ,  a l lowing  
t h e  i n t r o d u c t i o n  of c a t i o n s  w i t h  v a r i o u s  c a t a l y t i c  p r o p e r t i e s ;  ( 2 )  if 
t h e s e  c a t i o n i c  s i t e s  a re  exchanged t o  H , t h e y  can have a v e r y  h igh  
number of v e r y  s t r o n g  a c i d  s i t e s ;  ( 3 )  t h e i r  p o r e  d i a m e t e r s  a r e  l e s s  
t h a n  1 0  8 ;  and ( 4 )  t h e y  have  p o r e s  w i t h  one o r  more d i s c r e e t  s i z e s .  
These l a s t  two a c c o u n t  f o r  t he i r  m o l e c u l a r  s i e v i n g  p r o p e r t i e s .  
Z e o l i t e s  have  been a p p l i e d  as c a t a l y s t s  s i n c e  1960.  

Pore d i a m e t e r s  i n  m o l e c u l a r  s i e v e s  depend on t h e  number of t e t r a h e d r a  
i n  a r i n g  ( F i g u r e  1 ) .  The a c t u a l  p o r e  s i z e  a l s o  depends on t h e  type of 
c a t i o n  p r e s e n t .  Molecules  l i k e  ammonia, hydrogen,  oxygen, and argon 
can go t h r o u g h  t h e  p o r e s  o f  p r a c t i c a l l y  e v e r y  t y p e  of m o l e c u l a r  
s i e v e .  Type "A" s i e v e s  have  c u b i c  s t r u c t u r e  w i t h  p o r e s  j u s t  about  b i g  
enough t o  a l l o w  normal  p a r a f f i n s  through.  C a t i o n s ,  however, occupy 
p o s i t i o n s  which b l o c k  p a r t  of t h e  p o r e s .  Monovalent c a t i o n s  ( e . g . ,  
sodium, p o t a s s i u m )  r e s t r i c t  t h e  p o r e  s i z e  t o  below %4 1. None of t h e  
o r g a n i c  m o l e c u l e s  ( e x c e p t  methane)  would b e  a b l e  t o  p e n e t r a t e  N a A ,  o r  
L I A  z e o l i t e s .  D i v a l e n t  c a t i o n s ,  however, occupy o n l y  e v e r y  o t h e r  
c a t i o n i c  p o s i t i o n  l e a v i n g  enough s p a c e  for normal p a r a f f i n s  t o  d i f f u s e  
through.  I s o b u t a n e  i s  s l i g h t l y  w i d e r  t h a n  t h e  p o r e s  of CaA s o  cannot  
e n t e r .  However, m o l e c u l e s  w i th  nominal  d imens ions  of p e r h a p s  h a l f  an 
angstrom t o o  large can  make t h e i r  ways t h r o u g h  nar rower  p o r e s  t h a n  
expec ted  because  m o l e c u l a r  v i b r a t i o n  a l l o w s  them t o  w i g g l e  through.  I n  
a d d i t i o n ,  bond c l e a v a g e ,  f o l l o w e d  by r e c o n s t r u c t i o n  of t h e  broken bond, 
could  f a c i l i t a t e  t h e  d i f f u s i o n  of l a r g e r  m o l e c u l e s  through narrow p o r e s  
(1). 

-k 

If a lmost  a l l  of t h e  c a t a l y t i c  s i t e s  are c o n f i n e d  w i t h i n  t h i s  pore  
s t r u c t u r e  and i f  t h e  p o r e s  a r e  small, t h e  f a t e  of r e a c t a n t  molecules  
and t h e  p r o b a b i l i t y  of f o r m i n g  p r o d u c t  m o l e c u l e s  are  de termined  most ly  
by m o l e c u l a r  d imens ions  and c o n f i g u r a t i o n s .  Only molecules  whose 
dimensions are  less  t h a n  a c r i t i c a l  s i z e  can  e n t e r  the p o r e s ,  have 
a c c e s s  t o  i n t e r n a l  c a t a l y t i c  s i t e s ,  and r e a c t  t h e r e .  Fur thermore ,  on ly  
molecules  t h a t  can  l e a v e  a p p e a r  i n  t h e  f i n a l  p r o d u c t .  

Types of Shape S e l e c t i v i t i e s  

We can d i s t i n g u l s h  v a r i o u s  t y p e s  of shape  s e l e c t i v i t i e s ,  depending on 
whether  p o r e  s ize  l i m i t s  t h e  e n t r a n c e  of t h e  r e a c t i n g  m o l e c u l e ,  o r  t h e  
d e p a r t u r e  of t h e  p r o d u c t  m o l e c u l e ,  o r  t h e  f o r m a t i o n  of c e r t a i n  t r a n s i -  
t i o n  s t a t e s .  

R e a c t a n t  s e l e c t i v i t y  o c c u r s  when o n l y  p a r t  of t h e  r e a c t a n t  
m o l e c u l e s  a re  small enough t o  d i f f u s e  through t h e  c a t a l y s t  
p o r e s  ( F i g u r e  2 ) .  
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Product selectivity occurs when some of the product formed 
Within the pores are too bulky to diffuse out as observed 
products. They are either converted to less bulky molecules 
(e.g., by equilibration) o r  eventually deactivate the cata- 
lyst by blocking the pores (Figure 2 ) .  

Restricted transition state selectivity occurs when certain 
reactions are prevented because the corresponding transition 
state would require more space than available in the cav- 
ities. Neither reactant nor potential product molecules are 
prevented from diffusing through the pores. Reactions 
requiring smaller transition states proceed unhindered. 

Molecular traffic control may occur in zeolites with more 
than one type of pore system. Reactant molecules here may 
preferentially enter the catalyst through one of the pore 
systems while products diffuse out by the other. Counter- 
diffusion is, thus, minimized here. 

Examples will be discussed f o r  each type of shape selectivity. 

Diffusion 

The importance of diffusion in shape-selective catalysis cannot be 
overemphasized. In general, one type of molecule will react preferen- 
tially and selectively in a shape-selective catalyst if its diffusivity 
Is at least one o r  two orders o f  magnitude higher than that of  compet- 
ing molecular types (2-5) .  Too-large molecules will be absolutely 
unable to diffuse through the pores. Even those molecules which react 
preferentlally have much smaller diffusivities in shape-selective cata- 

\ lysts than in large-pore catalysts. 

' Shape Selectivities 
Reactant- and Product-Type 

Shape selectivity was first described by Weisz and Frilette in 1960. 
P. B. Weisz, N. Y. Chen, V. J. Frilette, and J. N. Miale were not only 
the pioneers of shape-selective catalysis; but in their subsequent pub- 
lications they demonstrated its many possible applications. They have 
described many examples of reactant- (and product-) type shape selec- 
tivity. Examples are selective hydrogenation of n-olefins over CaA- 
type (6-7) and Pt ZSM-5 (8) molecular sieves (Figure 4). 

Most applications and manifestations of shape-selective catalysis 
involve acid-catalyzed reactions such as isomerization, cracking, dehy- 
dration, etc. Acid-catalyzed reactivities of primary, secondary, and 
tertiary carbon atoms differ. Tertiary carbon atoms react inherently 
much easier than secondary carbon atoms. Primary carbon atoms don't 
form carbonium ions under ordinary conditions and therefore do not 
react. Therefore, in most cases isoparaffins crack and isomerize much 
faster than normal paraffins. This order is reversed in most shape- 
selective acid catalysis; that is, normal paraffins react faster than 
branched ones which sometimes do not react at all. 
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R e s t r i c t e d  T r a n s i t i o n  
State-Type S e l e c t i v i t y  

I n  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  S e l e c t i v i t y ,  c e r t a i n  r e a c t i o n s  a r e  
prevented  because  t h e  t r a n s i t i o n  s t a t e  i s  t o o  l a r g e  f o r  t h e  c a v i t i e s  of 
t h e  molecular  s i e v e .  An example i s  a c i d - c a t a l y z e d  t r a n s a l k y l a t i o n  of 
d i a l k y l b e n z e n e s  ( 9 )  ( F i g u r e  3 ) .  I n  t h i s  r e a c t i o n  one of t h e  a l k y l  
g roups  i s  t r a n s f e r r e d  from one  molecule  t o  a n o t h e r .  T h i s  i s  a 
b i m o l e c u l a r  r e a c t i o n  i n v o l v i n g  a d iphenylmethane  t r a n s i t i o n  s t a t e .  

Meta-xylene i n  t h i s  r e a c t i o n  w i l l  y i e l d  l J 3 , 5 - t r i a l k y l b e n z e n e .  
Mordeni te  does n o t  have enough s p a c e  f o r  t h e  c o r r e s p o n d i n g  t r a n s i t i o n  
s t a t e .  Thus, whereas t h e  1 ,2 ,4- i somer  can  form, t h e  1 ,3,5- isomer can- 
n o t  ( 1 0 , l l ) .  Symmetr ica l  t r i a l k y l b e n z e n e s  a r e  a b s e n t  from the  product ,  
a l t h o u g h  they  are  t h e  predominant  components of  t h e  t r i a l k y l b e n z e n e  
isomer m i x t u r e s  a t  e q u i l i b r i u m  (12-13). F i g u r e  5 shows p r o d u c t  d i s t r i -  
b u t i o n s  o v e r  Zeolon H-mordenite. I s o m e r i z a t i o n  r a t e s  of t h e  symmet- 
r i c a l  m e s i t y l e n e  and t h e  smaller h e m i m e l l i t e n e  over  m o r d e n i t e  and HY 
a r e  a lmost  i d e n t i c a l .  T h i s  shows t h a t  symmetr ica l  t r i a l k y l b e n z e n e s  a r e  
themselves  n o t  h i n d e r e d  w i t h i n  t h e  p o r e s  of H-mordenite. I n  isomeriza-  
t i o n ,  t h e  t r a n s i t i o n  s t a t e  i n v o l v e s  o n l y  one molecule ;  so there  i s  
enough s p a c e  t o  form t h e  t r a n s i t i o n  s t a t e  i n  t h e  i n t e r n a l  c a v i t y  of t h e  
s i e v e .  

Another e x a m p l e  f o r  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t y  i s  i s o b u t a n e  iso- 
m e r i z a t i o n  over  HZSM-5 (14-16). 

One can d i s t i n g u i s h  e x p e r i m e n t a l l y  between r e a c t a n t  and product - type  
s e l e c t l v i t i e s  and r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t i e s  by 
s t u d y i n g  p a r t i c l e  s i z e  e f f e c t s .  Observed ra tes  depend on the i n t r i n -  
s i c ,  u n i n h i b i t e d  ra te  c o n s t a n t  and, i f  mass t r a n s f e r  is l i m i t i n g ,  on 
t h e  d i f f u s i v i t i e s  of t h e  r e a c t a n t  ( o r  p r o d u c t )  molecules  and on t h e  
c a t a l y s t  p a r t i c l e  s i z e .  R e a c t a n t  and p r o d u c t  s e l e c t i v i t i e s  a r e  mass 
t r a n s f e r  l i m i t e d  and,  t h e r e f o r e ,  a f f e c t e d  by c r y s t a l l i t e  s i z e  whereas 
r e s t r i c t e d  t r a n s i t i o n - s t a t e  s e l e c t i v i t y  i s  n o t .  Haag, Lago, and Weisz 
used  t h i s  method t o  d e t e r m i n e  t h e  c a u s e s  of s h a p e  s e l e c t i v i t y  i n  t h e  
c r a c k i n g  of c6 and C9 p a r a f f i n s  and o l e f i n s  o v e r  HZSM-5 (17). 

The c r y s t a l l i t e  s i z e  e f f e c t s  observed  a l lowed Haag, Lago, and Weisz t o  
c a l c u l a t e  e f f e c t i v e  d i f f u s i v i t i e s .  T h i s  was the  f i r s t  known c a s e  f o r  
d e t e r m i n a t i o n  of m o l e c u l a r  d i f f u s i v i t i e s  i n  a z e o l i t e  a t  s t e a d y  s t a t e  
and a c t u a l  r e a c t i o n  c o n d i t i o n s  ( F i g u r e  6 ) .  D i f f u s i v i t i e s  d e c r e a s e  by 
f o u r  o r d e r s  o f  magni tude from normal  t o  gem-dimethyl p a r a f f i n s .  While 
branching  has  a l a r g e  e f f e c t ,  t h e  i n f l u e n c e  of t h e  l e n g t h  of t h e  mole- 
c u l e  i s  small. O l e f l n s  have similar d i f f u s i v i t i e s  t o  t h e  cor responding  
p a r a f f i n s .  One s u r p r i s i n g  o b s e r v a t i o n  i s  t h a t  t h e s e  d i f f u s i v i t i e s  a r e  
a b o u t  an o r d e r  h i g h e r  t h a n  t h e  c a l c u l a t e d  Knudsen d i f f u s i v i t i e s .  

An i m p o r t a n t  consequence of t h e  l a c k  of s p a c e  f o r  the  bulky t r a n s i t i o n  
s t a t e  f o r  t r a n s a l k y l a t i o n  w i t h i n  HZSM-5 is t h a t  xy lene  i s o m e r i z a t i o n  
proceeds  w i t h o u t  t r i m e t h y l b e n z e n e  f o r m a t i o n .  T h i s  improves x y l e n e  
y i e l d s  and i n c r e a s e s  c a t a l y s t  l i f e .  

The most i m p o r t a n t  example of  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c -  
t i v i t y  i s  t h e  a b s e n c e  ( o r  n e a r  a b s e n c e )  of coking  i n  ZSM-5 t y p e  
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molecular  s i e v e s .  T h i s  h a s  g r e a t  s i g n i f i c a n c e  because  C e r t a i n  reac- 
t i o n s  can o c c u r  i n  t h e  a b s e n c e  of m e t a l  h y d r o g e n a t i o n  components and 
h i g h  hydrogen p r e s s u r e .  Coking i s  l e s s  s e v e r e  i n  ZSM-5 because  t h e  
Pores  l a c k  enough s p a c e  f o r  t h e  p o l y m e r i z a t i o n  of coke p r e c u r s o r s .  On 
ZSM-5 t h e  coke i s  d e p o s i t e d  on t h e  o u t e r  s u r f a c e  of t h e  c r y s t a l l i t e s ,  
whereas i n  o f f r e t i t e  and mordeni te  most of t h e  coke forms w i t h i n  t h e  
p o r e s  (18) ( F i g u r e  7 ) .  A c t i v i t y  i s  b a r e l y  a f f e c t e d  i n  t h e  f i r s t  c a s e ,  
w h i l e  i t  d e c r e a s e s  r a p i d l y  i n  t h e  second.  

I n  l a r g e  pore  z e o l i t e s  ( e . g . ,  HY,  m o r d e n i t e )  t h e  most s i g n i f i c a n t  s t e p  
i n  coking i s  p r o b a b l y  t h e  a l k y l a t i o n  of a r o m a t i c s  (19-22). These 
a l k y l a r o m a t i c s  c y c l i z e  or condense i n t o  f u s e d - r i n g  p o l y c y c l i c s ,  which 
e v e n t u a l l y  dehydrogenate  t o  coke.  P a r a f f i n s  c o u l d  a l s o  c o n t r i b u t e  t o  
coking  v i a  c o n j u n c t  p o l y m e r i z a t i o n ,  which l e a d s  t o  naphthenes .  

Molecular  T r a f f i c  C o n t r o l  

Molecular  t r a f f i c  c o n t r o l  i s  a s p e c i a l  t y p e  of s h a p e  s e l e c t i v i t y .  I t  
could  occur  i n  z e o l i t e s  w i t h  more t h a n  one t y p e  of i n t e r s e c t i n g  p o r e  
sys tems.  R e a c t a n t  m o l e c u l e s  h e r e  may p r e f e r e n t i a l l y  e n t e r  t h e  c a t a l y s t  
th rough one of t h e  pore  sys tems w h i l e  t h e  p r o d u c t s  d i f f u s e  out  of t h e  
o t h e r .  This  may minimize c o u n t e r d i f f u s i o n  and ,  t h u s ,  i n c r e a s e  r e a c t i o n  
r a t e  ( 2 3 - 2 4 ) .  

ZSW-5 h a s  two t y p e s  of c h a n n e l s ,  bo th  of which have ten-membered r i n g  
openiggs .  On% channel  sys tem i s  s i n u s o i d a l  and h a s  n e a r l y  c i r c u l a r  
( 5 . 4  A x 5 .6  A )  c r o s s - 2 e c t i o n .  The o t h e r  c h a n n e l  sys tem h a s  e l l i p t i c a l  
openings  (5 .2  8 x 5.8 A ) .  These are s t r a i g h t  and p e r p e n d i c u l a r  t o  t h e  , 
f i r s t  system (25-26) .  Whereas l i n e a r  molecules  c a n  occupy both  c h a n n e l  
sys tems,  3-methylpentane and p-xylene occupy o n l y  t h e  l i n e a r ,  e l l i p -  
t i c a l  pores .  These s u g g e s t  t h a t  normal a l i p h a t i c s  c a n  d i f f u s e  f r e e l y  
i n  both  sys tems;  b u t  a r o m a t i c s  and l s o p a r a f f i n s  p r e f e r  t h e  l i n e a r ,  
e l l i p t i c a l  c h a n n e l s .  Examples might  be benzene a l k y l a t i o n  w i t h  e t h y l -  
ene ,  and t o l u e n e  a l k y l a t i o n  w i t h  methanol  o v e r  ZSM-5 c a t a l y s t s  ( 2 7 ) .  

I n  " r e v e r s e  m o l e c u l a r  t r a f f i c  c o n t r o l "  small  p r o d u c t  molecules  d i f f u s e  
ou t  through p o r e s  too nar row f o r  l a r g e r  r e a c t a n t s ,  t h u s  a v o i d i n g  coun- 
t e r d i f f u s i o n  ( 2 8 ) .  Examples might  be c a t a l y t i c  dewaxing o r  x y l e n e  
i s o m e r i z a t i o n  ( 2 7 ) .  

S e q u e n t i a l  a d s o r p t i o n  measurements d i d  n o t  s u p p o r t  t h e  c o n c e p t  of mole- 
c u l a r  t r a f f i c  c o n t r o l  ( 2 9 ) .  However, i t  i s  q u e s t i o n a b l e  whether  such  
k i n e t i c  phenomena can be proven  o r  d i s p r o v e n  by a d s o r p t i o n  measurements 
( 3 0 ) .  

Product  s e l e c t i v i t y ,  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t y ,  and 
m o l e c u l a r  t r a f f i c  c o n t r o l  may a l l  c o n t r i b u t e  t o  s e v e r a l  r e a c t i o n s  i n  
which p-xylene i s  formed above i t s  e q u i l i b r i u m  c o n c e n t r a t i o n s  over  
ZSM-5 z e o l i t e  ( 2 , 4 , 5 , 3 1 , 3 2 , 3 3 ) .  

C o n t r o l  of Shape S e l e c t i v i t y  

Shape s e l e c t i v i t y  can be improved by r e d u c i n g  t h e  number of a c t i v e  
s i t e s  on t h e  e x t e r n a l  s u r f a c e  of z e o l i t e  c r y s t a l l i t e s .  The e x t e r n a l  
s u r f a c e  of a m o l e c u l a r  s i e v e  can b e  n e u t r a l i z e d  by p o i s o n i n g  w i t h  a 
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l a r g e  molecule  ( 3 4 ) .  The e x t e n t  of s h a p e  s e l e c t i v i t y  c a n  b e  a l s o  con- 
t r o l l e d  by c a t i o n s  (35-38). D e c r e a s i n g  t h e  aluminum c o n t e n t  i n  t h e  
l a s t  s t a g e  of c r y s t a l l i z a t i o n  of ZSM-5 z e o l i t e s  i s  a n o t h e r  way t o  
r e d u c e  the number of a c t i v e  s i tes  on the o u t s i d e  s u r f a c e  of c r y s t a l -  
l i t e s  ( 3 9 )  a n d ,  t h u s ,  improve s h a p e  s e l e c t i v i t y .  

E r i o n i  t e  

E r i o n i t e ' ( 4 1 - 4 2 )  c a n  s e l e c t i v e l y  d i s t i n g u i s h  between normal and 
i s o p a r a f f i n s .  Over e r i o n i t e  t h e  o t h e r w i s e  much-more-reactive 
2-methylpentane r e a c t s  50 times s l o w e r  a t  430°C t h a n  normal  hexane a t  
32OOC. The c a v i t y  of e r i o n i t e  has d imens ions  s imilar  t o  the l e n g t h  of 
n-oc tane .  T h i s  c o i n c i d e n c e  i s  r e s p o n s i b l e  f o r  t h e  s o - c a l l e d  "cage" o r  
"window" e f f e c t  (42-46) .  

Q u a n t i t a t i v e  Measure of Shape S e l e c t i v i t y  

A q u a n t i t a t i v e  measure of s h a p e  s e l e c t i v i t y  ( c a l l e d  " c o n s t r a i n t  i n d e x " )  
compares t h e  c r a c k i n g  rates of normal-hexane and 3-methylpentane ( 4 6 )  
( F i g u r e  37) .  S i l i c a - a l u m i n a  h a s  a c o n s t r a i n t  i n d e x  of 0.6. T h i s  r a t i o  
r e p r e s e n t s  t he  i n t r i n s i c  c r a c k i n g  r a t e s  of normal p a r a f f i n s  and iso- 
p a r a f f i n s .  Mordeni te  and rare ear th  Y are  s i m i l a r l y  u n s e l e c t i v e .  
E r i o n i t e  has a v e r y  h i g h  " c o n s t r a i n t  i n d e x , "  and s o  do v a r i o u s  ZSM 
c a t a l y s t s .  

A p p l i c a t i o n s  

We could remove u n d e s i r a b l e  i m p u r i t i e s  by c r a c k i n g  them t o  eas i ly  
removable molecules  and d i s t i l l i n g  them away [such  as i n  S e l e c t o f o r m i n g  
( 4 7 ,  48)  and c a t a l y t i c  dewaxing (49-5211.  I m p u r i t i e s  can a l s o  be 
s e l e c t i v e l y  burned i n s i d e  m o l e c u l a r  s i e v e s  and removed as C 0 2  and CO. 
Or i m p u r i t i e s  c a n  b e  c o n v e r t e d  to  harmless m o l e c u l e s .  

One i m p o r t a n t  c l a s s  of a p p l i c a t i o n s  of shape  s e l e c t i v i t y  i s  t o  a v o i d  
u n d e s i r a b l e  r e a c t i o n s .  For i n s t a n c e ,  i n  x y l e n e  i s o m e r i z a t i o n  t r a n s i -  
t i o n  s t a t e - t y p e  s e l e c t i v i t y  l i m i t s  t r a n s a l k y l a t i o n  and coking  o v e r  
ZSM-5 s i e v e  ( 5 3 ) .  I n  t o l u e n e  a l k y l a t i o n  or  d i s p r o p o r t i o n a t i o n  reac-  
t i o n s  l e a d i n g  t o  t h e  u n d e s i r a b l e  i somers  (0- and m-xylenes)  a r e  avoided 
(52-53) .  Most of these a p p l i c a t i o n s  w i l l  b e  d i s c u s s e d  i n  d e t a i l  by 
subsequent  speakers of t h i s  Symposium. 
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SYmposium on “ S h a p e  S e l e c t i v e  C a t a l y s i s ,  R o u t e  t o  C h e m i c a l s  Fuels:’ ACS 
m e e t i n g  20-25 march  1983,  S e a t t l e .  

CATALYTIC, PHYSICAL AND ACIDIC PROPERTIES OF PENTASXL ZEOLITES 

Jacques C. V e d r i n e  
I n S t i t u t  d e  R e c h e r c h e s  s u r  l a  C a t a l y s e ,  C.N.R.S., 
2, a v .  A l b e r t  E ins te in  F 69626 V i l l e u r b a n n e  FRANCE 

( 1 - 4 ) .  
A l a r g e  amount  o f  e f f o r t s  h a s  been d o n e  i n  the recent y e a r s  t o  u n d e r -  

s t a n d  the f a s c i n a t i n g  s h a p e  selective p r o p e r t i e s  o f  ZSM-5 or ZSM-11 z e o l i t e s  
I t  h a s  appeared  t h a t  the a c i d  s t r e n g t h  of the B r o n s t e d  s i tes  varies i n  a w i d e  
r a n g e  f o r  a same s a m p l e ( 5 ) .  Moreover, d e p e n d i n g  on p r e p a r a t i o n  c o n d i t i o n s ,  
the morpho logy  and s i z e  o f  the  z e o l i t i c  c r y s t a l l i t e s  and the A1 concentration 
w i t h i n  a c r y s t a l l i t e  and b e t w e e n  c r y s t a l l i t e s  may v a r y  drastic all^(^-^). I t  
f o l l o w s  t h a t  it i s  somewhat d i f f i c u l t  t o  r a t i o n a l i z e  the e f f e c t s  o f  p a r t i c l e  
s i z e ,  o f  a c i d  s t r e n g t h  and o f  the n a t u r e  o f  the z e o l i t e  (-5 or - 1 1 )  on the 
c a t a l y t i c  p r o p e r t i e s  o f  the c a t a l y s t  f o r  a c i d - t y p e  reactions l i ke  m e t h a n o l  
conversion or a l k y l a t i o n  o f  a r o m a t i c s .  T h e  p u r p o s e  o f  this p r e s e n t a t i o n  i s  to  
sum u p  some o f  our recent w o r k s  i n  t h a t  f i e l d .  

E x p e r i m e n t a l  p a r t  : ZSM-5 and ZSM-11 s a m p l e s  h a v e  been p r e p a r e d  i n  the l a b o r a -  
t o r y  f o l l o w i n g  the p r o c e d u r e s  d e s c r i b e d  i n  r e f .  8 and 9 r e s p e c t i v e l y .  F o r  
ZSM-5 s a m p l e s  the A 1  content o f  the s a m p l e s  was v a r i e d  b y  u s i n g  d i f f e r e n t  A1 
concentration i n  the p r e p a r a t i o n  m i x t u r e .  F o r  ZSM-11 s a m p l e s  the t e m p e r a t u r e  
and d u r a t i o n  o f  the  p r e p a r a t i o n  w e r e  chosen to  be 100°C,  one mon th  ( s a m p l e  1 )  
and  17OoC, one week ( s a m p l e s  2 and  3 ) .  Chemica l  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  
f r o m  a t o m i c  a b s o r p t i o n  m e a s u r e m e n t s  and a r e  g i v e n  i n  t a b l e  1. T h e  s a m p l e s  were 
c a l c i n e d  u n d e r  N f l o w  a t  50O0C and  then a t  540°C u n d e r  a i r  f l o w .  A c i d i f i c a -  
t ion was p e r f o r m e d  b y  e x c h a n g i n g  Na c a t i o n s  b y  NH + i n  a q u e o u s  s o l u t i o n  M/2 
a t  8OoC. and b y  d e a m m o n i a t i o n  a t  54OoC u n d e r  a i r  $low.  O n e  ZSM-5 s a m p l e  was 
t r e a t e d  b y  a t r i m e t h y l p h o s p h i t e  s o l u t i o n  i n  n - o c t a n e  a t  120°C a s  d e s c r i b e d  
i n  r e f .  1 0  r e s u l t i n g  i n  a so c a l l e d  P-ZSM-5. 

T a b l e  1 : P h y s i c a l  characteristics o f  the d i f f e r e n t  s a m p l e s  

2 

S a m p l e s  
z e o l i t e  t y p e  
m o d i f i c a t i o n  

_---____---------- 
Chemica l  a n a l y s i s  
a t o m s  : S i  : A1 
Na : ( S i + A l ) x l O z  

XPS d a t a  
a t o m s  : S i  : A1 

TEM a n a l y s i s  
; i z e  o f  gra ins(pxn)  

s h a p e  

I I I I I 
1 I 2  ( 3 1  4 1 5  6 

ZSM-11 ZSM-11 I ZSM-11 I ZSM-5 1 ZSM-5 I P-ZSM-5 
no I no 1 no I no I no ,Phosphorus  

I --------L-------- 

I 
I 
I 

I I 
I 

I 

I 
I 10 37 3 1  I 43 2 3  9 

0 . 3  10.5 ,0.1 I 0.2 0.7 I 0. 7 
I 
I I I I I 

24 3 0  I 70 I 26  I 1 0  I 9  
I I I I I 

I I 
3.620.2 I 1-2 ; 6 + 2  0.5-2 I 0.5-2 I 0.5-2 
a g g r e -  I core + I core + ‘ p a r a l l e l e -  1 p a r a l l e l e -  I p a r a l l e l e -  

g a t e  ‘ n e e d l e s  n e e d -  l p i p e d s  I p i p e d s  l p i p e d s  
I ‘ l e s  I I I 

s p h e r o i - :  s p h e r u -  I spheru :  I 1 
d a l  I l i t i c  I l i t i c  I I I 

I I 
I I 1 I I 

, 



C a t a l y t i c  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  a f l o w  m i c r o r e a c t o r  (100 mg 

A c i d i t y  c h a r a c t e r i z a t i o n  was  p e r f o r m e d  u s i n g  i n f r a - r e d  s p e c t r o s c o p y  and 

I 

o f  c a t a l y s t )  and a n a l y s e s  were  p e r f o r m e d  on s t r e a m  b y  g a s  chromatography .  

m i c r o - c a l o r i m e t r y  o f  NH3 a d s o r p t i o n  a t  15OOC. T h e  morpho logy  o f  the z e o l i t e  
g r a i n s  was d e t e r m i n e d  u s i n g  a h i b h  r e s o l u t i o n  t r a n s m i s s i o n  electron m i c r o s -  
c o p e  JEOL 100 CX and A 1  d i s t r i b u t i o n  w i t h i n  the g r a i n  was d e t e r m i n e d  w i t h  a 
h i g h  r e s o l u t i o n  EDX-STEM f r o m  Vacuum G e n e r a t o r s  (HB 5 ) .  S u r f a c e  c o m p o s i t i o n  
o f  t h e  g r a i n s  was measured  b y  X P S  u s i n g  a monochromat i zed  HP 5950 A s p e c t r o -  
m e t e r .  X r a y  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  u s i n g  a c o n v e n t i o n n a l  CuKa 
X r a y  s o u r c e .  A t  l a s t  the c a p a c i t y  o f  n -hexane  a b s o r p t i o n  a t  room t e m p e r a t u r e  
was measured  b y  v o l u m e t r y .  

E x p e r i m e n t a l  r e s u l t s  

S a m p l e s  
C o n v e r s i o n  (%) 

Hydrocarbons  % 
a l i p h a  t ics 
aroma t ics 

A r o m a t i c s  (%) 
x y l e n e s  

7 A6 + A 

Others 

(m + p )  : 0 x y l e n e s  

T h e  c r y s t a l l i n i t y  o f  the s a m p l e s  p r e p a r e d  i n  the l a b o r a t o r y  was d e t e r -  
modes  mined b y  X r a y  d i f f r a c t i o n  

(550  : 450  cm-' r a t i o s )  ( l 1 j ,  h i g h  r e s o l u t i o n  electron m i c r o d i f f r a c t i o n  and 
a b s o r p t i o n  c a p a c i t y  f o r  n - h e x a n e  (11 -12  w t  %). A l l  s a m p l e s  were  f o u n d  t o  be 
w e l l  c r y s t a l l i z e d  m a t e r i a l s  e x c e p t  s a m p l e  1 wh ich  p r o b a b l y  c o n t a i n e d  a p p r o x i -  
m a t e l y  3 0  % o f  amorphous  s i l i c a ( l o )  and  7 0  % o f  a g g r e g a t e s  o f  t i n y  c r y s t a l l i -  
tes  (5 -10  nm i n  s i z e )  a s e v i d e n c e d f r o m  i .r .  and n -hexane  a b s o r p t i o n  d a t a .  The  
other two  ZSM-11 s a m p l e s  ( s a m p l e s  2 a n s  3 )  were  f o r m e d  o f  a core c o n s t i t u t e d  
b y  an a g g r e g a t e  o f  s m a l l  5 -10  nm c r y s t a l l i t e s  and o f  n e e d l e s  (500-1000 nm 
i n  s i z e )  e m e r g i n g  f r o m  the core w i t h  a s p h e r u l i t i c  s h a p e ( ? ) .  High  r e s o l u t i o n  
m i c r o d i f f r a c t i o n  u n a m b i g u o u s l y  showed t h a t  the t i n y  c r y s t a l l i t e s  were  w e l l  
c r y s t a l l i z e d  ZSM z e o l i t e . Z S M - 5  s a m p l e s  were formed  o f  w e l l  c r y s t a l l i z e d  para1  
l e l e p i p e d s  o f  0 .5  t o  2 pm i n  size.  P h y s i c a l  and  c h e m i c a l  c h a r a c t e r i s t i c s  
o f  the s a m p l e s  a r e  g i v e n  in t a b l e  1 .  T h e i r  c a t a l y t i c  p r o p e r t i e s  f o r  me thano l  
c o n v e r s i o n  and  a l k y l a t i o n  of t o l u e n e < b y  m e t h a n o l  a r e  summarized  i n  t a b l e s  
2 and 3 .  

T a b l e  2 : C a t a l y t i c  p r o p e r t i e s  o f  ZSM-5 and ZSM-11 s a m p l e s  i n  the r e a c t i o n  o f  

i n f r a - r e d  s p e c t r o s c o p y  o f  the v i b r a t i o n a l  

m e t h a n o l  c o n v e r s i o n  a t  370'C w i t h  N2 a s  a c a r r i e r  g a s ,  f l o w  r a t e  = 
5 1 h-', WHSV = 11 h - I  

1 2 3 4 5 6  
9 0  84 70  89  89  8 9  

8 0  84 75 78 7 0  84 
2 0  16 25 2 2  3 0  16 

26  2 7  29  46 5 0  64  
6 7 5 9 6 8  

6 8  66 66 45 44 2 8  

3 3 5 13 1 1  35 
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T a b l e  3 : C a t a l y t i c  p r o p e r t i e s  o f  ZSM-5 and  ZSM-11 s a m p l e s  i n  the r e a c t i o n  
o f  a l k y l a t i o n  o f  t o l u e n e  b y  m e t h a n o l  a t  4OO0C, w i t h  N a s  a g a s  
c a r r i e r  and a t o t a l  f l o w  r a t e  e q u a l  t o  1.85 1 h- l ,  WH3V = 4 .5 /5  h-' 

S a m p l e s  
Zeolite 

Conversion (%) 
m e t h a n o l  
t o l u e n e  

Hydrocarbons  ( a )  
a1 i p h a  tics 
x y l e n e s  

t r i m e t h y l b e n z e n e s  
others 

......................... 

......................... 
S e l e c t i v i t i e s  (%) 

p - x y l  ene 
m - x y l e n e  
o - x y l e n e  

TMB 135 
TMB 124 
TMB 123 

2 4 5 
ZSM- 1 1 ZSM- 5 P-ZSM-5 

1.3 4.1 11.6 
81.0 88.0 84.5 
12.9 4.1 1 .0  

4 .8  3.8 4.9 

29.  1 52.1 94.6 
49.8 36.5 3 .8  
21.1 11.4 1 . 4  

2 .3  - - 
2.3 - - 

94.6 100  1 0 0  

The  m a i n  f e a t u r e s  of c a t a l y t i c  p r o p e r t i e s  a r e  t h a t  ZSM-5 s a m p l e s  p r e s e n t  
more  s h a p e  selective p r o p e r t i e s  t h a n  ZSM-11 w h a t e v e r  the p a r t i c l e  s i z e ,  p r e -  
sumab ly  b e c a u s e  ZSM-11 h a s  more  f r e e  s p a c e  (+ 3 0  %) a t  the c h a n n e l  inter- 
sections. D e t a i l e d  a n a l y s i s  o f  the m e t h a n o l  conversion r e a c t i o n  ( 7 )  shows  t h a t  
when the g r a i n  s i z e  of ZSM-11 s a m p l e s  i n c r e a s e s  mQre l i g h t  h y d r o c a r b o n s  
(C1 + C ) and less h e a v i e r  h y d r o c a r b o n s  (C+ and  A ' )  a r e  f o r m e d .  T h i s  v e r y  

p r o b a b l y  a r i s e s  f r o m  the l o n g e r  l e n g t h  p a t 2  f o r  tae r e a c t a n t s  when the p a r t i -  
cle s i z e  i n c r e a s e s .  

T h e  i.r. OH b a n d s  a t  3720-3740 and  3600-3605 an-' w e r e  o b s e r v e d  f o r  a l l  
s a m p l e s .  T h e  3 6 0 0  an-' band  was  shown b y  NH3 a d s o r p t i o n  t o  be a c i d i c  w h i l e  the 
3720-3740 cm-I band  was shown t o  h a v e  i t s  r e l a t i v e  i n t e n s i t y  d e c r e a s i n g  when 
the p a r t i c l e  s i z e  i n c r e a s e d  d u e  t o  a d e c r e a s e  i n  the number  of t e r m i n a l  
s i l a n o l s .  M o d i f i c a t i o n  b y  p h o s p h o r u s  was shown t o  d e c r e a s e  the number o f  
OH g r o u p s  b y  a b o u t  one h a l f  b u t  their  s t r e n g t h  r e m a i n e d  c o m p a r a b l e ( " ) .  T h e  
EDX-STEM c h a r a c t e r i z a t i o n  showed t h a t  A 1  was not h o m o g e n e o u s l y  l o c a l i z e d  i n  
the z e o l i t e  f ramework .  For s p h e r u l i t i c  ZSM-11 g r a i n s  t he  n e e d l e s  w e r e  shown 
to  p r e s e n t  i n  a v e r a g e  a b o u t  t w i c e  less A1 t h a n  the core and evenmore  a n  
h e t e r o g e n e o u s  d i s t r i b u t i o n  o f  A1 f r o m  the inner t o  the 
ZSM-5 s a m p l e s  h e t e r o g e n e i t y  i n  A1 c o n c e n t r a t i o n  w i t h i n  a same z e o l i t i c  g r a i n  
or b e t w e e n  g r a i n s  was o b s e r v e d  

A c i d i t y  s t r e n g t h  and a c i d  s i t e  c o n c e n t r a t i o n  w e r e  d e t e r m i n e d  b y  mesu-  
r i n g  m i c r o c a l o r i m e t r i c a l l y  the d i f f e r e n t i a l  h e a t  o f  ammonia a d s o r p t i o n  a t  
150'C. I t  was o b s e r v e d  t h a t  the s t r o n g e s t a c i d s i t e s  w e r e  o b t a i n e d  f o r  r e l a -  
t i v e l y  l o w  A1 content b u t  o b v i o u s l y  the number o f  s t r o n g  a c i d  s i tes d e c r e a s e d  
w i t h  the A 1  content d e c r e a s i n g .  A c i d i t y  s t r e n g t h  was  o b s e r v e d  t o  be hetero- 
g e n e o u s  w h i c h  i s  i n  a g r e e m e n t  w i t h  the h e t e r o g e n e i t y  i n  A1 d i s t r i b u t i o n .  T h e  
number o f  s t r o n g  a c i d  sites was  f o u n d  t o  e q u a l  1.6, 1.8, 1 .8 ,  2 .4 ,  2.3, 1 . 3  p e r  
u . c  r e s p e c t i v e l y  f o r  s a m p l e s  1 t o  6 ,  a f t e r  o u t g a s s i n g  a t  40O0C. 

2 

o u t e r  l a y e r s .  For 

w h i c h  p r e c l u d e d  a n y  r a t i o n a l i z e d  l a w ( 7 ) .  
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C o n c l u s i o n s  : T h e s e  c h a r a c t e r i z a t i o n s l e a d  t o  the f o l l o w i n g  conclusions : 

. C r y s t a l  g r o w t h  o f  ZSM-11 p a r t i c l e s  s e e m s  t o  be p a r t i c u l a r l y  d i f f i c u l t  
l e a d i n g  t o  a g g r e g a t e s  or core o f  t i n y  cristall i tes,  5-10 nm i n  s ize  wi th  
a r e l a t i v e l y  h i g h  A 1  content ( S i  : A1 3 0  agains t  50  i n  the p r e p a r a t i o n  
m i x t u r e ) .  When A 1  content i s  l o w  the c r y s t a l  g r o w t h  i s  then s h a r p l y  enhanced  

. ZSM-5 p r e s e n t s  much more s h a p e  s e l e c t i v i t y  f o r  less b u l k y  a r o m a t i c s  than 
ZSM-11 i n  methanol conversion a n d  toluene a l k y l a t i o n  reactions. T h i s  i s  
p r e s u m a b l y  d u e  to  l a r g e r  f r e e  s p a c e  a t  the channel intersections o f  ZSM-11 
s a m p l e .  

. A c i d  s t r e n g t h  and  s i t e  d i s t r i b u t i o x S d o  not seem t o  p l a y  an important  role 
i n  s e l e c t i v i t y  for the p r e v i o u s  reactions a s  f a r  a s  a c i d  sites o f  s u f f i -  
cient s t r e n g t h  are present. 

. T h e  p a r t i c l e  s i z e  w h i c h  m o d i f i e s  the channel l e n g t h  p l a y s  o n l y  a s e c o n d a r y  
role i n  the s e l e c t i v i t y  for a l i p h a t i c s  a n d  aromatics. 

. T h e  p r e p a r a t i o n  c o n d i t i o n s  p a r t i c u l a r l y  A I  concentration a n d  s t i r r i n g  d u r i n g  
syathesis s e e m  t o  p l a y  a g r e a t  role i n  the c r y s t a l  g r o w t h  and  i n  the morpho- 
l o g y  o f  the zeo l i t i c  g r a i n s .  

R e f e r e n c e s  : 

1. C.C. CHANG a n d  A.J .  SILVESTRI,  J .  C a t a l .  47, 249 (1977) .  

2. P.B. WEISZ i n  P r o c e e d ,  7 t h  Intern. Cong. on C a t a l y s i s ,  T o k y o ,  E d i t .  b y  
T. SEIYAMA a n d  K. TANABE, E l s e v i e r ,  Ams terdam 1981, p.  3. 

3. E.G. DEROUANE, J.B. NAGY, P. DEJAIFVE, J.H.C. V a n  HOOF, B.P. SPEKMAN, 
C. NACCACHE and  J.C. VEDRINE, C.R. Acad .  S c i . ,  P a r i s ,  S e r  C 284, 945, 
(1977)and J .  C a t a l  53, 4 0  ( 1 9 7 8 ) .  

4 .  E.G. DEROUANE and  J.C. VEDRINE, J .  Molec. C a t a l y s i s  8 ,  479 (1980) .  

5. A. AUROUX, V .  BOLIS, P. WIERZCHOWSKI, P.C. GRAVELLE and  J.C. VEDRINE, 
JCS Faraday  T r a n s  11, 75, 2544 (1979) .  

201 (1981) "  R. von BALLMOOS AND W.N. MElER,Nature 289, 782 (1981) .  

C a t a l .  October 1982. 

6 .  E.G. DEROUANE, S. DETREMMERIE, 2. GABELICA a n d  N. BLOM, A p p l .  C a t a l .  L, 

7. A. AUROUX, H .  DEXPERT, C. LECLERCQ and  J.C. VEDRINE, S u b m i t t e d  t o  A p p l .  

8. R.J. ARGAUER a n d  G.R. LANDOLT, US  P a t e n t ,  3702 886 (1972) .  

9. P. CHW, US P a t e n t  3709 979 (1972) .  

IO. J.C. VEDRINE, A. AUROUX, P. DEJAIFVE, V .  DWCARME, H .  HOSER a n d  S.  ZHOU, 
J .  C a t a l .  73, 147 (1982) .  

1 1 .  G. COUDURIER, C.  NACCACHE and J .  C. VEDRINE, JCS Chem. C o m u n .  1982 i n  p r e s s .  

P.A. JACOBS, E.G. DEROUANE and  J .  WEITKAMP, JCS Chem. Commun. 1981, 591 

130 


